Abstract:
In an ultrasonic sensor system based on phase-shifted fiber Bragg gratings ðFBGsÞ, a cost-effective way for sensor demodulation is to set the laser wavelength at the center of the steep spectral slope of the FBG refection spectrum. Frequency noise of the laser source ultimately limits the signal-to-noise ratio (SNR) of the sensor system. Here, we demonstrate a noise cancelation method based on a pair of FBGs, which is capable of improving the SNR of system beyond the limitation set by the laser frequency noise. In this method, one of the gratings is used as the sensor to detect the acoustic signal, and the other grating, isolated from the signal, is used as a reference that gives the noise information. Employing a data postprocessing method, the noise is subtracted from the original detected signal. We show that the SNR of the sensor system can be improved by up to 20 dB using this method.
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Ultrasonic sensors are being used in many applications such as non-destructive evaluation, structure health monitoring, and biomedical imaging [1] , [2] . In recent years, fiber-optic ultrasonic sensors, as an alternative to traditional piezoelectric sensors, have come into sight due to their many advantages such as small size, light weight, and immunity to electromagnetic interference. In particular, ultrasonic sensors based on fiber Bragg gratings (FBGs) have additional advantages, including in-line fiber structure, ease for multiplexing, and single-ended operation, that make them more attractive in many applications [3] - [6] . In these FBG systems, ultrasonic detection is achieved by detecting the ultrasound-induced shift of the FBG reflection spectrum. One of the most cost-effective ways to detect the spectrum shift is to use a coherent light source whose wavelength is set on the spectral slope of the reflection spectrum of the FBG. The spectral shift caused by ultrasonic signals is converted to intensity variations of the reflected laser light that can be conveniently detected by a photodetector. A concern for an FBG ultrasonic sensor system in practical applications is the limitation of the signal-to-noise ratio (SNR). The signal strength, which is proportional to the slope of the reflection spectrum, can be increased by the use of -phase shift fiber Bragg gratings ðFBGsÞ as the sensing element [7] - [10] . A FBG features a phase shift in the middle of an otherwise periodic grating structure, which leads to a strong optical resonance and a narrow notch in the reflection spectrum with much larger spectral slope than a regular FBG of the same length. However, accompanying with the enhanced sensitivity is the equally increased noise originating from the laser frequency noise because the laser frequency fluctuations are indistinguishable from the grating spectral shifts. Although a high performance laser source with small frequency noise can be used to improve the SNR of the sensor system, it inevitably induces budget burdens in practical applications. Pound-Drever-Hall technique [11] , [12] can also be used to suppress the laser frequency noise by locking the laser to a wavelength reference. In addition to the increased complexity of the system, it requires a wavelength tuning capability of the laser source over the ultrasonic frequency range of interest, which is difficult to achieve. Therefore, it is of great interest to suppress the frequency noise while using a low-cost laser source.
Laser intensity noise can be removed by simultaneously monitoring the difference between reflection and transmission of the phase shifted FBG using a balanced photodetector [9] . The balanced detection requires a loop operation of the fiber-optic sensor system, which may be less attractive in practice. Moreover, balanced detection cannot improve the SNR related to laser frequency noise. As shown later, at the sharp slope of FBG, the frequency noise becomes the dominant noise source of the sensor system. Therefore, novel cost-effective methods for frequency noise reduction are of great interest for FBG ultrasonic sensor system.
In this paper, we propose a noise cancelation method based on a pair of FBGs that can efficiently reduce the intensity noise and the frequency noise from the laser source. Our results show that the SNR of a FBG sensor system based on a low-cost distributed feedback (DFB) laser is improved by up to 20 dB by using this method.
We start with a brief SNR analysis of the FBG sensor acoustic detection system [ Fig. 1(a) ] [13] . We only consider the noise contributions of the laser source and ignore the thermal noise and shot noise of the photodetector. The signal and noise hence refer to the current from the photodetector. Assuming an ultrasonic wave of frequency causes a sinusoidal frequency shift of the grating, the corresponding optical response can be written as
where P 0 (W) is the dc optical power determined by the operating point of the laser on the spectral slope, v (Hz) is the amplitude of the grating frequency shift induced by the ultrasonic wave, k (Hz −1 ) is the slope of the normalized grating spectrum, and t denotes time. The sinusoidal term in Eq. (1) contains the information of the ultrasonic wave; then the power of the signal is expressed as
where R (A/W) is the responsivity of the photodetector. The noise contribution from the laser includes the laser relative-intensity-noise (RIN) and the laser frequency noise. Assuming the RIN is white in the detection bandwidth Áf , the noise power related to RIN is given by
where S RIN (1/Hz) is the single-sided power spectral density (PSD) of the RIN. When the laser is locked on the spectral slope that functions as a frequency discriminator, the fluctuations in the laser frequency result in fluctuations of the optical power, as shown in Fig. 1(b) . The noise amplitude related to this laser frequency noise is proportional to the frequency slope k , and its power is given by
where S frq (Hz 2 /Hz) is the single-sided PSD of the laser frequency noise. It is assumed that S frq is white over Áf . Combing (2)-(4), the SNR of the system is given by
In the limit of very large frequency slope, the laser frequency noise contribution dominates, and the maximum SNR is given by
This maximum SNR is fundamentally limited by the laser frequency noise and is independent on the frequency slope of the sensor [14] , [15] . The proposed noise cancelation method can improve the SNR of a FBG ultrasonic sensor system beyond the limitation set by the laser frequency noise. This significant SNR improvement is achieved by actively measuring the laser frequency noise using a reference FBG channel and subsequently subtracting the noise from the signal of the sensing channel. More specifically, as shown in Fig. 2(b) , in the sensing channel, a DFB laser is locked to the spectral slope of a FBG sensor and in the reference channel, a matching FBG is locked to the laser. When ultrasonic signal impinges on the sensor FBG, the optical signal carries information about the acoustic wave as well as the laser RIN and laser frequency noise. The reference FBG, which is not subject to the ultrasonic wave being detected, is configured to produce the same noise as that from the sensor FBG. Since the detected optical intensity from the sensor is a linear superposition of acoustic signal and noise, the signal can be obtained simply by the difference between the measured intensities from the two channels.
The noise cancelation method was experimentally demonstrated using a system shown in Fig. 3(a) . Two 7-mm long FBGs with peak reflectivity > 99:9% were fabricated in house using a 193 nm excimer laser and a phase mask. Their reflection spectra, characterized by a narrowlinewidth scanning laser, featured extremely narrow (1.0 and 1.2 pm, FWHM) spectral notches, as shown in Fig. 3(b) . A fiber-pigtailed DFB laser diode (JDS Uniphase CQF935/508) with a specified Lorentzian linewidth of 2 MHz was used as the light source. The light from the laser source was divided into two channels (sensor and reference channels) via a 1 Â 2 coupler. In the sensor channel, the light was directed to the sensor FBG through a circulator. The reflected light from the sensor was detected by an amplified photodetector. Because the DFB laser wavelength can be tuned by its injection current, we locked the laser wavelength at the slope of the spectral notch by feeding the low-frequency (DC-200 Hz) component of the photodetector output to the laser current driver through a servo controller (LB1005, Newport). The high-frequency (25-500 kHz) component of the photodetector output, containing both signal and noise, was sampled, digitalized, and acquired by an oscilloscope and processed by a computer. The sensor FBG was glued on a 2 0 Â 2 0 aluminum plate. A piezoelectric transducer (HD50, Physical Acoustics Corp.) powered by a function generator was used to excite ultrasonic waves on the plate. During the experiment, the piezoelectric transducer was mounted by gluing its flat surface on the plate at a distance of ∼20 cm to the sensing grating along the fiber direction. In the reference channel, an attenuator was added to adjust the optical power level so that the two channels have similar responses. The rest of the optical configuration, the photodetector and its subsequent electronic filters for data acquisition and locking, are the same as those for the sensor channel. The reference FBG was mounted on a translation stage equipped with a piezo actuator (PE4, Thorlabs), which was used to tune its Bragg wavelength by changing the voltage applied on the piezo actuator to control the strain of the grating. The electronic control capability of the FBG spectral position allowed us to lock the slope of the FBG to the laser wavelength. The reference FBG was separated from the sensor FBG and thus was free from ultrasonic signals. For both channels, a polarization controller was applied before the FBG to eliminate one of the two polarization states originated from birefringence.
We then studied the noise contributions from the laser RIN and laser frequency noise for the sensor channel when the lasing wavelength was located at different positions of the spectrum. First, the laser wavelength was locked at the center of the sharp slope of the spectral notch, the output noise (see Fig. 4(a) , red curve) including contributions from both the laser RIN and frequency noise. The root-mean-square (rms) value of the noise was 38 mV. Then, the laser wavelength was set to the flat shoulder of the spectrum, the output noise [see Fig. 4 (a) and (b), blue curve] contained the contribution from the laser RIN, dark current from the photodetector, as well as the electronic noises from photodetectors, their amplifiers, and the oscilloscope. The rms noise level was dramatically reduced to about 1.8 mV as shown in Fig. 4(b) . Fig. 4(c) is the measurement of the dark current of photodetector with the laser diode turned off and it had an rms value of 0.8 mV. These results indicate that noise contribution from the laser frequency noise dominates by about 20 times larger than from the laser RIN and other noise sources.
Next, we demonstrated the proposed noise cancelation method using the reference channel. Although a tunable attenuator was included in the reference channel to balance the responses from the two channels, small discrepancy in noise output from the two channels were inevitable due to many factors such as limited tuning resolution of the attenuator, perturbations to the fiber in the two channels, variations of the amplifier gains, and fluctuations in the laser polarization. These variations in channel response often are small and have frequencies much smaller than frequencies of the ultrasonic signals being detected. Therefore, we developed the following data processing method to overcome this problem. The output from the sensor channel contains both the signal and noise and can be expressed as
where Sðt Þ and Nðt Þ are, respectively, the signal and the noise, and they are discrete data points after sampling and digitalization by the oscilloscope and passing a digital filter (a 500 kHz low-pass digital filter was used throughout our experiments). The output from the reference channel has only noise, which differs from noise term in (7) by a coefficient to account for the different responses of the two channels:
Again, with the assumption of slow variations in the channel responses, can be considered as a constant within the detection bandwidth of the system. In addition, it has been assumed in (8) that there is no time delay between the noise responses from the two channels. To remove the noise, the coefficient in (8) should be determined. Note that Sðt Þ and Nðt Þ are two zeromean and uncorrelated processes or Sðt Þ ¼ 0, Nðt Þ ¼ 0, and Sðt ÞNðtÞ ¼ 0. Then, the mean of the product C 1 ðt ÞC 2 ðt Þ is given by From (8), we have N 2 ðt Þ ¼ C 2 2 ðt Þ= 2 , and plugging it into (9) yields
With known, the noise from the sensor channel can be removed to extract the signal, which is given by
We first investigated the performance of the proposed noise cancelation method when no ultrasonic signal was applied on the sensor. Fig. 5 shows the outputs from the sensor channel (red curve), the reference channel (blue curve), and the results after noise cancelation (green curve) for three sets of data obtained at difference times. The output from the two channels showed excellent correlation and the noise amplitude was substantially reduced by the noise cancelation method. The rms values for the signal before noise cancelation were 32.9, 37.9, and 37.6 mV for the data shown in Fig. 5(a) -(c), respectively. The average rms value of 36.1 mV corresponds to a wavelength shift of 4:5 Â 10 À3 pm of the FBG. After noise cancelation, they were reduced, respectively, to 3.3, 3.8, and 3.9 mV, as shown by the enlarged view of the results after noise cancelation in Fig. 5(a)-(c) . The average rms value is reduced to 3.7 mV, corresponding to a wavelength shift of 4:5 Â 10 À4 pm. Therefore, the proposed noise reduction method was shown to suppress the noise amplitude by almost 10 times, corresponding to 20 dB improvement in the system SNR. The noise spectra before and after noise cancelation, obtained by averaging the Fourier spectra of seven data samples, are shown in Fig. 5(d) . The noise level was reduced by over 20 dB at low end of the frequency range to ∼15 dB at high end of the frequency range. For comparison, the laser RIN noise spectrum obtained when the laser wavelength was set at the flat region of the FBG is also plotted in Fig. 5(d) . It is seen that the noise floor from laser frequency noise after noise cancelation is about 7 dB higher than the RIN floor. These results in Note that a clear peak at 250 kHz was observed in the noise spectrum after noise cancelation. Further study is needed and underway to find the origin and possible ways to reduce the noise peak.
To verify the SNR improvement, we then added a small ultrasonic signal to the sensor. In this experiment, a cw ultrasonic signal at a frequency of 200 kHz was applied on the aluminum plate by the PZT and detected by the sensor FBG. The temporal responses from the sensor channel (red curve), the reference channel (blue curve), and the signal after noise cancelation (green curve) are shown in Fig. 6(a) . It is seen that the sinusoidal signal from the sensor channel was substantially deformed by the noise. After noise cancelation, the signal became much cleaner. The spectra of the signal before and after noise cancelation are shown in Fig. 6(b) . The peak at 200 kHz corresponds to the acoustic signal and is roughly 20 dB above the noise floor for the signal from the sensor channel (red curve). After noise cancelation (green curve), the noise floor dropped by close to ∼17 dB at the low frequency end and ∼10 dB toward the high-frequency end while the signal peak at 200 kHz remained at the same level. The SNR improvement was slightly less than the 15-20 dB improvement observed in Fig. (5) .
Finally, we tested the effectiveness of the noise cancelation method for detection of ultrasonic pulses, which is of great interest in practical applications such as non-destructive evaluation and structural health monitoring. In this experiment, the PZT was driven by a repeating burst signal and each burst consists of five cycles of a 200 kHz sinusoidal voltage waveform. The outputs from the sensor channel (red curve) and the reference channel (blue curve) are shown in Fig. 7(a) . The ultrasonic pulse signal was severely obscured by the noise. After noise cancelation, a relatively clean ultrasonic pulse emerged as shown by the green curve in Fig. 7(a) . Similar to the case for cw ultrasonic waves shown in Fig. 6(b) , the noise floor of the signal spectrum dropped by 10-17 dB while the signal peak remained the same after noise cancelation, as shown in Fig. 7(b) .
In summary, we have demonstrated a novel noise cancelation method for a fiber-optic ultrasonic sensor system based on intensity demodulation with a laser locked at the quadrature point of a FBG. The proposed concept involves two channels with matching FBGs, one as the sensor and the other as the reference channel. The sensor channel carries information on both the ultrasonic signal and the laser noise; while the reference channel is isolated from the acoustic signal and thus contains only the noise. Taking advantage of the high correlation between the noises from the two channels and low correlation between the signal and the noise, we have proposed a new data processing method to remove noise from the signal effectively. Using this methodology, a 10-time reduction in the rms value of noise amplitude has been experimentally obtained. In the presence of small acoustic signal in continuous mode, an improvement of ∼20 dB in SNR has been seen in experiments. In addition, the weak ultrasonic pulse signal otherwise immersed in the noise has been extracted effectively after noise cancelation. 
